Follicular fluid (FF), an important microenvironment for the development of oocytes, contains many proteins that are glycosylated with N-linked glycans. This study aimed i) to present an initial analysis of the N-linked glycan profile of bovine FF using hydrophilic interaction liquid chromatography, anion exchange chromatography, high performance liquid chromatography (HPLC)-based separations and subsequent liquid chromatography-mass spectrometry/mass spectrometry analysis; ii) to determine differences in the N-glycan profile between FF from dominant and subordinate follicles from dairy heifers and lactating dairy cows and iii) to identify alterations in the N-glycan profile of FF during preovulatory follicle development using newly selected, differentiated (preovulatory) and luteinised dominant follicles from dairy heifers and lactating cows. We found that the majority of glycans on bovine FF are based on biantennary hypersialylated structures, where the glycans are sialylated on both the galactose and N-acetylglucosamine terminal sugars. A comparison of FF N-glycans from cows and heifers indicated higher levels of nonsialylated glycans with a lower proportion of sialylated glycans in cows than in heifers. Overall, as the follicle develops from Selection, Differentiation and Luteinisation in both cows and heifers, there is an overall decrease in sialylated structures on FF N-glycans.
Introduction
Low reproductive efficiency within the Holstein-Friesian breed is a significant issue faced by the major dairy producing countries worldwide. A marked decrease in reproductive performance, coincident with substantial increases in milk production, has been detected over the past five decades (Ló pez-Gatius 2003, Walsh et al. 2011) . It is widely accepted that this has been caused by an aggregate of genetic, environmental and managerial factors which have influenced the metabolic and physiological status of dairy cows at the cellular, tissue and wholeanimal level . There is evidence to suggest that the mechanism by which some of these factors impair fertility is attributable to their effects on the intrafollicular environment , 2011 , Bender et al. 2010 . Follicular fluid (FF) is the product of both the transfer of blood plasma constituents that cross the blood-follicular barrier and of the secretory activity by the granulosa and thecal cells (Rodgers & Irving-Rodgers 2010) . It provides a microenvironment in which the cumulus-oocyte complex can develop and mature. Negative energy balance (NEB) occurring in the early postpartum period in highproducing lactating cows can be detrimental, since it alters circulating metabolite concentrations with resulting changes in FF (Bender et al. 2010 . For example, increased circulating non-esterified fatty acids (NEFA), associated with NEB and reflected in the FF of the preovulatory ovarian follicle , can directly affect granulosa cell function and steroidogenesis (Jorritsma et al. 2004 as well as oocyte competence, early embryo quality, viability and metabolism (Jorritsma et al. 2004 , Aardema et al. 2011 .
Bovine follicular growth results from an intricately regulated sequential pattern of follicle development (Ginther et al. 2001 , Mihm et al. 2008 . It occurs in waves with two or three waves per oestrous cycle (Rajakoski 1960 , Savio et al. 1988 , Ginther et al. 1989 . The initiation of follicle waves involves the emergence and growth of a cohort of follicles, wherein one follicle is selected and becomes dominant. The remaining subordinate follicles in the cohort stop growing and undergo atresia. Differentiation of the newly selected dominant follicle to preovulatory size is characterised by enhanced growth and oestradiol synthesis. This ultimately initiates the preovulatory LH surge leading to the final maturation of the oocyte and cumulus expansion. Initial luteinisation of the follicle cells then culminates with ovulation (Eppig 2001) . Following ovulation, the corpus luteum is formed and secretes progesterone. If fertilisation of the oocyte does not occur, progesterone declines following luteolysis and this allows the emergence of a new cohort of follicles.
Many glycosylated hormones and proteins isolated from human FF are reported to be good biochemical predictors of oocyte quality (Revelli et al. 2009 ). High concentrations of follicle-stimulating hormone (Suchanek et al. 1988) , human chorionic gonadotrophin (Ellsworth et al. 1984) and luteinising hormone (Barnes et al. 1986 ) within the follicle are linked with oocyte maturation. High concentrations of bone-morphogenetic protein-15 (BMP-15) have also been positively correlated with oestradiol concentrations, and indicate a more advanced stage of oocyte maturation (Wu et al. 2007) . Other glycosylated proteins that are positively correlated with follicle maturation and oocyte quality include endothelin-2 (Sudik et al. 1996) and lactoferrin (Yanaihara et al. 2007) . A change in the glycosylation of specific proteins can be attributed to a change in the expression, intracellular localisation, stability of glycosyltransferases, the availability and transport of activated sugar nucleotides and/or the intracellular trafficking of glycoprotein acceptors (Gornik et al. 2007) . These changes may have major implications in the functioning of proteins and ultimately the functioning of the other biomolecules with which they interact. Alterations in glycosylation in the reproductive system have been linked with infertility (Miller et al. 2010 , Miller 2011 .
Glycomics is the study of glycans (oligosaccharides) and glycoproteins. Glycosylation is a major post translational modification and involves the addition of various sugar structures to proteins within the endoplasmic reticulum and Golgi apparatus. The two most common forms of glycans that can be added to proteins are N-and mucin-type O-linked glycans, but other forms of O-linked glycosylation are also biologically important (Zachara & Hart 2006 , Okajima et al. 2008 . Glycans are known to mediate cell-to-cell communication, signal transduction, embryogenesis and are also involved in immune function and disease processes such as cancer, autoimmunity and neurological dysfunction (Tharmalingam et al. 2010 , Adamczyk et al. 2012 , Telford et al. 2012 . In mammals, over 50% of membrane-associated and secreted proteins are N-glycosylated (Kornfeld & Kornfeld 1985 , Apweiler et al. 1999 , Spiro 2002 . N-linked glycans are attached at their reducing terminus through N-acetylglucosamine (GlcNAc) to the amide group of asparagine residues within Asn-X-Ser/Thr motifs. N-linked glycans are characterised by their 'core' which is comprised of a chitobiose (a dimer of b-1,4-linked GlcNAc units) with a mannose linked to the GlcNAc in a b-1,4-linkage and two mannoses attached to the b1,4 mannose by a1,3 and a1,6 linkages (for a comprehensive review refer to Mariñ o et al. (2010) ). Protein glycosylation may be regulated by steroid hormones, in particular oestrogen, and thus is altered during the normal human menstrual cycle and during pregnancy (Carson et al. 1998) .
Given that the proteins present in FF can be glycosylated, and that changes in their glycosylation are likely to affect their function, oocyte competence and ultimately fertility, we hypothesise that differences between the N-glycome of FF from heifers and lactating dairy cows are detectable. Therefore, the objectives of the current study were to i) characterise the N-glycan profile of bovine FF using hydrophilic interaction liquid chromatography (HILIC) and anion exchange chromatography (AEC)-based HPLC with orthogonal mass spectrometry; ii) determine baseline differences in the N-glycan profile between FF from dominant and subordinate follicles from heifers and lactating cows; and iii) compare temporal changes of the N-glycan profile of FF during preovulatory follicle development between heifers and lactating cows.
Materials and methods
All experimental procedures involving animals were licensed by the Department of Health and Children, Ireland, in accordance with the cruelty to animals act (Ireland 1897) and European Community Directive 86/609/EC and the University's Animal Research Ethics Committee.
Animals and tissue preparation
A description of the experimental design, animal treatments and tissue recovery has been presented previously (Bender et al. 2010 . Briefly, the oestrus cycles of Holstein-Friesian lactating cows (nZ16; lactation number 3.63G0.48, days in milk postpartum 81G2.4; meanGS.E.M.) and nulliparous heifers (nZ17; 1.6 yearsG0.06) were synchronised to manage the development of the seconddominant follicle. Heifers and lactating cows were randomly assigned to one of three stages of follicular development: i) newly selected dominant follicle in the luteal phase (Selection, cows nZ5; heifers nZ6); ii) follicular phase before the LH surge (Differentiation, cows nZ7; heifers nZ5); and iii) pre-ovulatory phase after the LH surge (Luteinisation, cows nZ4; heifers nZ6).
Subsequent to the detection of oestrus, the animals were treated using a controlled intravaginal drug-releasing device 570 T Tharmalingam-Jaikaran, P M Rudd, S D Carrington and others (CIDR; containing 1.38 g of progesterone, CIDR, Pfizer Pharma GmbH) on Day 8 (Day 0Zobserved oestrus), and the development of the second-dominant follicle in the cycle was monitored daily by transrectal ultrasonography (Aloka SSD-900 linear array trans-rectal probe, 7.5-MHz transducer, BCF Ireland Ltd, Fermoy, Ireland) until the day of slaughter for the recovery of ovaries. The animals randomly assigned to the Selection group had their used CIDRs removed on the morning of Day 14 and were slaughtered within 6 h of CIDR removal. On the last ultrasound scan before slaughter, all animals had a newly selected dominant follicle, subordinate follicle and a corpus luteum present. The animals randomly assigned to the Differentiation and Luteinisation groups received a luteolytic dose of prostaglandin F 2a anologue (PG, Estrumate, Chanelle, Loughrea, Co. Galway, Ireland, equivalent to 0.5 mg cloprostenol) on Day 13, and the CIDR was removed on the morning of Day 15 to accurately synchronise the follicular phase differentiation of selected dominant follicles. The animals assigned to the Differentiation group were then slaughtered on Day 16 between 24 and 30 h after CIDR removal and before any animals displayed oestrus indicating the onset of the gonadotrophin surge. The animals assigned to the Luteinisation group received an i.m. injection of 5 ml GNRH (Receptal, Intervet/Schering-Plough Animal Health, Bray, Co. Wicklow, Ireland) 30 h post CIDR removal, which induces a synchronised gondotrophin surge, and were slaughtered 18-22 h after the administration of GNRH (Day 17) timed to occur before ovulation but after the onset of luteinisation (Komar et al. 2001) .
Following slaughter at a local abattoir, pairs of ovaries from each individual animal were recovered coinciding with the timings of follicular development described above and transported to the laboratory in ice-cold PBS (Sigma). Identification of dominant and subordinate follicles was aided by ovarian diagrams as recorded between Day 8 and the day of slaughter of each animal. The external diameter of each follicle was measured using callipers and FF was aspirated from both the dominant and the largest subordinate follicles, frozen in liquid nitrogen and stored at K80 8C. Progesterone and oestradiol assays were carried out on the FF to ensure the correct classification of the subordinate and dominant follicle for each animal (data not shown). The dominant follicle was identified as being larger and containing more oestradiol than other follicles (Sunderland et al. 1994) . The largest atretic subordinate follicle, ranked based on oestradiol concentration and diameter (Subordinate, cows nZ5; heifers nZ5), was used from animals in the selection group.
Release and labelling of N-glycans from whole FF
The workflow for the structural determination of the FF glycans is shown in Fig. 1 . In summary, FF samples (5 ml) were reduced Figure 1 The overall strategy for the analysis of N-glycans isolated from follicular fluid. The N-glycans were isolated from 5 ml of follicular fluid. The steps to release and label glycans are illustrated. The 2-AB-labelled glycans were then separated by HILIC-HPLC. Structural assignment was carried out by a combination of fractionation by AEC-HPLC, exoglycosidase digestions and mass spectrometry with subsequent fragmentation. and alkylated in a polypropylene 96-well flat-bottomed microplate. Reduced and alkylated samples were set into gel blocks of SDS-polyacrylamide gel, and N-glycans were released using PNGase F (Prozyme, Hayward, CA, USA) as described previously (Royle et al. 2008) . The released glycans were labelled using 2-aminobenzamide (AB) (Ludger 2-AB labelling Kit, Abingdon, UK). N-glycan nomenclature and symbolic representations used throughout are as previously described in Fig. 2 .
Analysis by HPLC
The glycans were separated by HILIC-HPLC and AEC-HPLC. Additional exoglycosidase digestions (below) were undertaken to aid with structural assignment of glycan sequence and linkage. The charged fractions were collected during AEC separation and then digested with exoglycosidase enzymes. The AEC-separated exoglycosidase-digested fractions were further separated by HILIC to aid with structural determination. Preliminary structural assignments were made using database matching (Glycobase; http://glycobase.nibrt.ie/glycobase/ show_nibrt.action). The structures were confirmed by nano liquid chromatography-mass spectrometry (LC-MS) and MS 2 isolation and fragmentation. A sample of glycans for baseline analysis was constructed by pooling 10% of glycans derived from all FF samples.
Hydrophilic interaction liquid chromatography
HILIC-HPLC was carried out using a TSK-Gel Amide-80 5 mm (250!4.6 mm) column (Tosoh Bioscience, Stuttgart, Germany) for 180-and 60-min runs, or on a 3-mm (150!4.6 mm) column for 60-min runs (Tosoh Bioscience, Stuttgart, Germany), at 30 8C, with 50 mM formic acid adjusted to pH 4.4 with ammonia solution as solvent A and acetonitrile as solvent B.
The 180-and 60-min runs were on a 2695 Waters Alliance separations module with a 2475 fluorescence detector (Waters) with excitation and emission wavelengths of 330 and 420 nm respectively. For the initial characterisation of the overall baseline glycan profile, an 180-min separation method utilised the following conditions: a linear gradient of 20-58% solvent A at a flow rate of 0.4 ml/min over 152 min followed by a series of equilibration steps to 180 min (Royle et al. 2008) . This method was used to obtain the maximum peak separation and resolution of individual glycan structures. For the comparison of unpooled individual samples, a 60-min method was used as follows: a linear gradient of 35-47% solvent A over 48 min at a flow rate of 0.8 ml/min, followed by a series of equilibration steps to 60 min (Royle et al. 2008) . The systems were calibrated by running an external standard of 2-AB-dextran ladder (2-AB-glucose homopolymer, Ludger) alongside the sample runs. A fifth-order polynomial distribution curve was fitted to the dextran ladder and used to allocate glucose unit (GU) values from retention times, as described previously (Royle et al. 2008 ).
Anion exchange chromatography-HPLC
Separation of neutral and acidic oligosaccharides by AEC-HPLC was carried out using a Waters BioSuite DEAE Anion-exchange column (1000 Å 10 mm, 7.5 mm!50 mm) on a 2695 Alliance Separation module with a 474 fluorescence detector set with excitation and emission wavelengths of 330 and 420 nm respectively (Waters, Milford, MA, USA). The solvent A consisted of 0.1 M ammonium acetate buffer of pH 7.0 in 20% v/v acetonitrile, and solvent B was 20% acetonitrile. The gradient conditions were as follows: a linear gradient of 0-5% solvent A over 12 min at a flow rate of 1 ml/min, followed by 5-21% solvent A over 13 min and then 21-50% solvent A over 25 min, 80-100% solvent A over 5 min and then 5 min at 100% solvent A. The samples were injected in water, and a fetuin N-glycan standard was used for calibration (Royle et al. 2006) .
Exoglycosidase digestions
To determine the sequence, monosaccharide type and linkage of sugar residues as described previously (Royle et al. 2006) , whole pools and AEC-fractionated 2-AB-labelled N-glycans were digested with the combinations of linkage-specific exoglycosidase enzymes before separation on HPLC. The protocol used the following enzymes (with the specificities and activities in brackets) obtained from Prozyme, San Leandro, CA, USA: NAN1 sialidase (EC 3.2.1.18, releases a2-3 sialic acid, 1 U/ml); ABS, Arthrobacter ureafaciens sialidase (EC 3.2.1.18, releases a2-3,6,8, 9 sialic acid, 1 U/ml);
Figure 2 Explanation of the alpha numeric code used to describe N-glycans. The glycan structure is illustrated. The alpha numeric code refers to structural subfeatures of these glycans. The trimannosyl chitobiose core (core N-glycan) is designated by 'M3'. An N-glycan core with the addition of a GlcNAc on each arm forms A2. Further extensions are designated by the addition of single letters denoting monosaccharide residues and numbers denoting the number of these residues. For example, G2 represents the addition of a single galactose residue to each arm of a biantennary glycan and S2 represents the further addition of a single sialic acid residue to each galactose. Sialic acids linked to the GlcNAc of a hypersialylated structure are denoted by an S preceding the G (as in the case of A2S1G2S2). Core fucosylated variants are denoted by an initial F as in FM3. The structures in which a GlcNAc residue lies between the two antennae of the trimannosyl core are denoted by a B (bisect), such as in M3B. Further GlcNAc residues added to the terminal mannose residues of the M3 structure are the initiation point for further antennae (A3 and A4). *The sialic acids represented in the figure are Neu5Ac. However, Neu5Gc residues are also present in our data. The Oxford glycan notation was used to represent N-linked glycan composition and structure (Harvey et al. 2009 ).
AMF, almond meal a-fucosidase (EC3.2.1.51, releases a1-3,4, 3 mU/ml); BKF, bovine kidney a-fucosidase (EC3.2.1.51, releases a1-6,O2,3,4, 1 U/ml); BTG, bovine testes b-galactosidase (EC 3.2.1.23, releases b1-3,4,6, 1 U/ml); SPG, Streptococcus pneumoniae b-galactosidase (EC 3.2.1.23, releases b1-4, 0.1 U/ml); GUH, S. pneumoniae b-N-acetylhexosaminidase (GlcNAc) (EC 3.2.1.30, releases b1-2,4,6, bisect, 4 U/ml); JBH, jack bean a-N-acetylhexosaminidase (EC 3.2.1.30, releases a1-2,3,4,6Obisect, 50 U/ml); JBM, jack bean a-mannosidase (EC 3.2.1.24, releases a1-2,6,3, 50 U/ml). The samples were incubated overnight at 37 8C in 50 mM sodium acetate buffer of pH 5.5. They were then passed through a Micropure-EZ enzyme remover (Millipore) before applying to the HPLC.
Liquid chromatography-mass spectrometry
Where required to confirm the structural assignments, LC-MS 2 analysis of 2-AB-labelled glycans from tri-sialylated and tetrasialylated AEC fractionated samples was carried out. This was undertaken using an Agilent Technologies 1200 series capillary/nano liquid chromatography system in conjunction with an Agilent ChipCube interface and a 6340 ion trap mass spectrometer (Agilent Technologies, Santa Clara, CA, USA). The instrument was operated in a positive ion mode with a spray voltage of K1.8 kV. The samples were run on a custom HPLC-chip which consisted of a 500 nl porous graphitised carbon enrichment column and a 43 mm separation column packed with Tosoh TSK Gel Amide-80 3 mm. (MC2H) 2C or (MCHCNH4) 2C ions of the labelled glycans were isolated in the ion trap and fragmented therein by collision-induced dissociation to yield MS 2 spectra. NAN1 and BTG-combined exoglycosidase digestions were used to identify the sialic acid to GlcNAc linkage.
Statistical analysis
The N-glycomes from FF samples were analysed by HILIC-HPLC. The profiles were separated into 17 peaks. The area under each peak was expressed as a percentage of the total profile and logit transformed. Using MANOVA analysis of transformed data (SAS 9.1 SAS Institute, Inc., Cary, NC, USA), comparisons were made in order to identify temporal changes in glycosylation associated with dominant follicle selection (Subordinate vs Selection), dominant follicle differentiation (Selection vs Differentiation) and dominant follicle luteinisation (Differentiation vs Luteinisation). In addition, overall N-glycan profiles of FF associated with temporal changes in dominant follicle development were compared between heifers and lactating cows. The comparisons were considered significant when P!0.05.
Results

Characterisation of the baseline N-glycan profile of bovine FF
Combined data from HILIC-HPLC, AEC-HPLC, mass spectrometry with combined fragmentation and LC-MS combined with exoglycosidase digestions were used to determine structures in a pooled FF sample.
The HILIC-HPLC profile separated glycans that ranged from 5.5 to 11 glucose units (GU). The glycan profile was divided into 17 peak areas (GLY1-17) (Fig. 3) . The major structures present in each of the peaks are given in Fig. 4 ; however, due to the coelution of multiple glycans in GLY peaks 6-11, glycans of low abundance could not be identified.
The major structures determined from the analysis of the N-linked glycans were based on a biantennary digalactosylated (A2G2) core structure. There were varied levels of nongalactosylated and monogalactosylated structures (A2G0 and A2G1 respectively). A total of w22% of structures displayed chitobiose cores that were fucosylated. Less than 10% of all structures showed a GlcNAc situated in an a1,4 linkage to the trimannosyl core (normally called "bisecting GlcNAc"). A majority of the peaks were sialylated (65-75%). The change in glucose units after ABS digestions indicated that O95% of all sialylated structures were derived from an A2G2 structure, including the tri-and tetra-sialylated fractions, implying that there were multiple sialic acids linked to one or both of antennae of this structure. Between 40 and 45% of the overall N-glycome of FF were of the tri-or tetra-sialylated moeity. The majority of structures were hypersialylated of which sialic acids were bound to both the Gal and GlcNac residues of a biantennary structure, as in the A2S1G2S2 structure shown in Fig. 2 . The hypersialylated structures were confirmed by LC-MS 2 using exoglycosidase (NAN1 and BTG)-digested glycans (see Supplemental Information, see section on supplementary data given at the end of this article).
Glycosylation changes during dominant follicle selection
In order to identify FF N-glycans that change during dominant follicle selection, we compared the N-glycan profile of FF from subordinate and newly selected dominant follicles from heifers and lactating cows. The average peaks areas and S.D. for GLY1-GLY17 are as given in Table 1 . There was a significant change in the percentage area of GLY17 of the FF N-glycan profile between subordinate and newly selected dominant follicles. Peak GLY17 is composed of A2G2Sg4 and A3G3S4. All other peaks were not statistically different between the dominant and subordinate FF N-glycans. However, the relative percentage areas for glycan peak GLY1 (A2G0), GLY3 (A2G1), GLY4 (FA2G1), GLY5 (A2G2, FA2G1S1), GLY6 (FA2G2, FA2BG2, A2G2S1,), GLY8 (A3G3, FA2G2S1, A2G2Sg1, FA2G2Sg1, A2G2S2, FA2G2S2, A2G2S1Sg1, A2G2S3) and GLY17 (A3G3S4, A2G2Sg4) were higher (P!0.05), while GLY12 (A2G2Sg2, A3G3S2, FA2G2S1Sg1, A3G3Sg1, A2G2S3 Sg1) and GLY16 (FA2G2Sg3, FA2G2S2Sg2, A2G2S13 Sg3, A3G3Sg4) were lower (P!0.05) across the two stages in lactating cows compared with heifers.
Glycosylation changes across the stage of follicle development
To determine whether the FF N-glycome profile changes during preovulatory follicle development, we compared the relative abundance of N-glycans in FF collected from follicles at three distinct stages of the follicle wave: Selection, Differentiation and Luteinisation (Table 1) . The average peak areas and S.D. for GLY1-GLY17 and significantly different GLY peaks across the preovulatory follicle development stages and between cows and heifers at these stages are outlined in Table 1 . Overall, the relative percentage areas of GLY1 (A2G0), GLY2 (FA2G0), GLY3 (A2G1), GLY4 (FA2G1), GLY7 (A2G2S1, FA2G2S1, A2G2Sg1, A2G2S2), GLY8 (A3G3, FA2G2S1, A2G2Sg1, FA2G2Sg1, A2G2S2, FA2G2S2, A2G2S1Sg1, A2G2S3), GLY12 (A2G2Sg2, A3G3S2, FA2G2S1Sg1, A3G3Sg1, A2G2S3Sg1), GLY14 (FA3G3S2, FA2G2Sg2, A2G2S1Sg2, A2G2Sg3, A3G3S3, A2G2S2Sg2), GLY15 (A2G2Sg3) and GLY16 (FA2G2Sg3, FA2G2S2Sg2, A2G2S1Sg3, A3G3Sg4) were altered in FF during preovulatory follicle development. The relative percentage areas of GLY1, GLY2, GLY3, GLY7 and GLY8 increased in FF during follicle development, while GLY12, GLY14, GLY15 and GLY16 decreased. In contrast, GLY4 increased in FF during follicle differentiation and decreased during luteinisation. Across follicle development, there was a decrease in sialylated GLY peaks and a corresponding increase in nonsialylated GLY peaks. GLY1, GLY2 and GLY3 consisted solely of nonsialylated structures, while GLY12, GLY14, GLY15 and GLY16 consisted mostly of tri-and tetra-sialylated forms and some disialylated forms. GLY7 and GLY8 although increased with follicle development consists of mostly monosialylated forms. Figure 4 Structures of N-glycan present in bovine follicular fluid. The major structures in each peak are identified. There were structural isomers evident in each of the profiles. However, as the changes are due to sialic acid variants (Neu5Gc), the antennae and linkage at which each Neu5Gc is attached could not be confirmed. 
T Tharmalingam-Jaikaran, P M Rudd, S D Carrington and others
The relative percentage areas of GLY1 (A2G0), GLY5 (A2G2, A2G1S1) and GLY6 (FA2G2, FA2BG2, A2G2S1) were higher (P!0.05) in FF from lactating cows compared with heifers. The major glycoforms within GLY5 and GLY6 are A2G2 and FA2G2, respectively, with the sialylated glycans comprising !5% of each peak. Thus, the majority of structures within these three peaks are nonsialylated, which are observed to be higher in the cow vs the heifer. This indicates that the cow has more nonsialylated glycans than the heifer. Although, not statistically significant, the heifer appears to have higher averages of sialylated peaks when compared with cows.
Discussion
This study has defined, for the first time, the overall N-glycome of FF from dairy cattle. In addition, it has also revealed temporal changes in the profile of N-glycans of preovulatory dominant follicles through different stages of developmental progression and between heifers and lactating cows during preovulatory follicle development. No differences in glycan profile were identified between newly selected dominant follicles and subordinate follicles. However, a difference was evident over preovulatory follicle development between cow and heifer.
FF glycan characterisation
A major challenge in this study was to understand the detailed structural basis of the sialylation of the FF glycans. Each sialylated antennae of an N-glycan characteristically has a single sialic acid (Neu5Ac or Neu5Gc) linked (a2,3 or a2,6) to a Gal. However, the N-glycome of bovine FF consisted of tri-and tetra-sialylated but based on a biantennary structure. Unusually, this indicates that each antenna could have more than one sialic acid residue.
By combining the HILIC and LC-MS 2 data (Supplemental Information, Figures S1 and S2, see section on supplementary data given at the end of this article), we determined that the majority of structures were hypersialylated, where sialic acids were linked to GlcNAc residues in the presence of sialic acids bound to the Gal residues. Hypersialylation has only recently been described in the bovine (Sumiyoshi et al. 2012 ) and mouse serum (Hua et al. 2013) . However, similar linkages have previously been described in free oligosaccharides from bovine colostrums (Nemansky & Van den Eijnden 1992) , human milk (Sumiyoshi et al. 2004 ) and mucin-type O-linked glycans from human mucosal tissues (Brockhausen 2006) . Previous lectin histochemical studies have shown the increased expression of a2,6 sialic acids (in a Sia a2,6 Gal/GalNAc conformation) in porcine atretic follicle granulosa cells (Kimura et al. 1999) . Furthermore, RT-PCR analysis demonstrated an upregulation of sialyl transferase ST6GAL1 mRNA in these atretic follicles compared with non-atretic follicles (Kimura et al. 1999) .
Another possible structural configuration that could account for the presence of multiple sialic acid residues on each antennae of biantennary glycans might be the presence of di-or oligo-sialic acids linked through an a2,8 linkage. However, our analysis failed to detect this linkage, although it has been detected in ovarian fluid from trout (Funakoshi et al. 1997) . To the best of our knowledge, this is the first comprehensive report of the N-glycome of FF.
Changes in the FF N-glycome associated with dominant follicle selection
The comparison of FF glycans from dominant and subordinate follicles from lactating cows and heifers indicated that there was no difference (except GLY17) in the N-glycome of FF isolated from the dominant and subordinate follicles. However, the analysis indicated a higher proportion of nonsialylated glycans and a corresponding decrease in sialylated glycan structures in lactating cows when compared with heifers. An increase in uterine sialic acid, which was induced by oestrogen, has been reported in the rat (Rajalakshmi et al. 1969 ) and increases in sialic acid and sialyltransferase activity correlate with increased circulating progesterone concentrations in the bovine model (Sherblom et al. 1985) . The concentrations of oestrogen and progesterone are also linked with fertility in heifers and lactating dairy cows, where heifers display higher circulating progesterone concentrations and this has been linked to their higher fertility in comparison with lactating dairy cows (Crowe 2008) . In our study, the oestrogen levels of the dominant follicle was higher than that measured in the subordinate (data not shown); however, this difference did not relate to a difference in the glycosylation between these groups.
Changes in sialylation are widely understood to modify a range of protein-carbohydrate interactions; they are known to participate in the regulation of many cell biological events, including cell recognition, adhesion and disease progression (Varki 1997 (Varki , 2007 . Sialic acidbinding immunoglobulin-like lectins (Siglecs) represent protein families which have been adapted over evolution for the recognition of specific sialoside structures. For example, siglec-6, expressed in the human placenta, and siglec-5, expressed on myeloid cells of the hemopoietic system, are known to sequester leptin (Brinkman- Van der Linden et al. 2007) . Interestingly, leptin is reduced in lactating cows compared with heifers (Clempson et al. 2011) . Siglec-11 detected in human and chimpanzee ovarian stromal cells (Wang et al. 2011 ) was speculated to create a unique microenvironment of cytokines or hormones for ovarian follicles and leukocytes.
The cytokines may be important in folliculogenesis, ovulation and in the process of follicular atresia and corpus luteum regression through immune cell activation. In particular, TNFa is an example of a cytokine that initiates the apoptosis of the endothelial cells of granulosa cells and eventually leads to follicular atresia (Korzekwa et al. 2008 , Glister et al. 2014 . Although TNFa is not sialylated, it has been linked to changes in the sialylation of cells such as the increase in a2,3-sialylation of human tracheal gland cells (Delmotte et al. 2001) .
Temporal changes in FF N-glycome associated with the development of preovulatory follicle Over development, there is an increase in the abundance of nonsialylated structures (GLY1-GLY4) with a corresponding decrease in tri-and tetra-sialylated structures (GLY12, GLY14-GLY16). As mentioned in the previous section, the oestrogen and progesterone have previously been shown to increase sialylation in the rat and bovine models (Rajalakshmi et al. 1969 , Sherblom et al. 1985 ; thus, comparisons of the serum oestrogen levels in our model indicated that the oestrogen levels were low at selection, increased at differentiation and then decreased at luteinisation (Walsh et al. 2012b ). This was evident in both the cow and heifer; however, the heifer exhibited approximately twofold higher serum oestrogen concentrations than the cow. The hormonal fluctuation could not be used to explain our results over the stages of follicle development; however, the cow-to-heifer difference was also evident across the follicular stages as stated earlier.
As previously described, the sialylation (hypersialylation or polysialylation) is a means to increase the hydrophilicity of the protein, thus inhibiting proteinprotein interactions. It is therefore plausible to speculate that the loss of hypersialylation is relevant to the regulation of follicular development through increased interactions of functionally relevant proteins. Therefore, the differential expression of genes associated with immune function over follicle development may be linked to the changes in protein sialylation (Walsh et al. 2012b) . The difference in sialylation observed between the heifer and cow model could also be attributed to the different expression of genes associated with immune function within the follicle, where a higher fold difference has been measured in the expression of a number of genes in the heifer during selection and lesser fold expression during luteinisation (Walsh et al. 2012b) . However, in our model the increased expression of genes associated with immune function yielded higher sialylation; previous reports suggest that an activation of immune cells is correlated with a downregulation of sialic acids (Liang et al. 2006 , Varki 2008 .
The major glycoproteins in FF are transferrin and a-macroglobulin; these proteins have been reported to play a role in maturation of oocytes. The concentrations of g-globulin, transferrin, a-1-antitrypsin, haptoglobulins, apolipoproteins and albumin were found to increase with follicular size (Spitzer et al. 1996 , Wen et al. 2009 ). The function of these proteins may be modulated through changes in their glycosylation as the follicular size increases. It was beyond the scope of the current study to map these changes in specific proteins. However, future glycoproteomic studies could illuminate such phenomena.
Conclusions
In conclusion, the present study has defined, for the first time, the overall N-glycome of FF from dairy cattle. Temporal changes in the profile of N-glycans of preovulatory dominant follicles through different stages of development progression and differences between heifers and lactating cows during preovulatory follicle developmental were identified. In addition, differences in cow and heifer preovulatory follicle development were evident in N-glycans between newly selected dominant follicles and subordinate follicles. This study was a preliminary observation to establish the FF glycan profile and establish any trends in follicle development. Future glycoproteomic analyses would be required to map these changes to specific proteins in the FF.
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